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New ground-state level with spin-parity 1/27 is established in '’ Mo, 69.8 keV below the previously reported
5/2% ground state in this nucleus, based on precise spectroscopy measurements of y radiation following
spontaneous fission of 2*Cm performed using the Eurogam?2 array of anti-Compton spectrometers. Analogous
measurement of y radiation following spontaneous fission of *2Cf, performed using the Gammasphere array,
confirms the new 1/2* ground state of '"’Mo, proposed recently and establishes the isomeric character of the
5/2* first excited state in '“’Mo. Two p-decaying isomers are suggested in !'Mo nucleus based on regular
energy systematics, supporting previous predictions. Low-energy excitations in Mo isotopes are interpreted and
compared to calculations reported in the literature. The results suggest shape transition from prolate to oblate

deformation at N > 67.
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I. INTRODUCTION

A recent study of low-spin levels in '“’Mo, populated in
B~ decay of '"’Nb has revealed a new ground state located
65.4 keV below the previously proposed ground state in
this nucleus [1]. In the past, the ground state of '“’Mo was
assigned spin-parity 3/2% [2], then, 7/2~ [3], and later 5/2%
[4]. The new ground state is assigned spin-parity 1/2% based
on the £2 multipolarity of the 65.4-keV transition [1,5], which
deexcites the 5/2% level previously proposed as the ground
state and now placed at 65.4 keV [1].

An isomer in '“’Mo with a half-life of 245(15) ns was
first reported at 66.3 keV [6]. In Ref. [3], this level was
assigned a tentative spin-parity 5/27. Subsequently, a 65.4-
keV transition was observed in '"’Mo deexciting an isomer
with a half-life of 420 ns [5]. It was proposed that this
transition deexcites a 1/2% isomer located 65.4 keV above the
ground state [5]. With the new 1/2% ground state of '"’Mo,
proposed in Ref. [1], the 420-ns isomer should correspond to
the 5/2%, 65.4-keV excited level in this nucleus [1], although
the isomeric character of the 65.4-keV level was not verified
in Ref. [1].

A similar scenario may be expected in the Mo nucleus.
Its ground state that was first assigned spin-parity (7/27) [3]
was later interpreted as the 5/2% configuration, analogous to
that in '“’Mo [4]. Subsequently, an isomer with a half-life of
194 ns was reported in '’Mo at 70 keV [7]. By analogy with
the 420-ns isomer in '’Mo, the 70-keV isomeric transition
in 1Mo was proposed to be a stretched E2, deexciting
spin-parity (1/2%) isomer to the 5/2% ground state [7]. As
suggested in Ref. [1], the isomeric transition in 'Mo may
deexcite the present 5/2% ground state in '“’Mo defining a
new ground state with spin-parity 1/27%, located 70 keV below
this 5/2% level.

2469-9985/2020/102(2)/024318(9)

024318-1

In this paper, we reinvestigated both '“’Mo and Mo
nuclei produced in spontaneous fission of >**Cm and >2Cf in
order to verify their ground states and isomers as well as some
unexplained properties reported in Ref. [5]. We start in Sec. 11
with predictions based on systematics. Then, the measurement
and the obtained results are presented in Sec. III. The results
are discussed in Sec. IV, which is followed by a summary in
Sec. V.

II. NEW LEVELS EXPECTED IN 7:1%Mo

Our recent works [8,9] demonstrated remarkably regular
systematics of excitation energies in odd-A nuclei of the
A ~ 110 region. Such systematics may help predicting new
excitations and other properties of '°'“Mo, in particular,
spin and parity of the ground state in '%Mo.

In even-even nuclei, one often uses “stable,” complex
ground-state structures as the reference for systematics of
excitation energies. This is especially useful when tracing
collective excitations built on top of ground states as demon-
strated in our recent work [10]. In contrast, ground states of
odd-A nuclei are usually dominated by single-partice (s.p.)
configurations (Nilsson orbitals in deformed nuclei), which
can change rapidly when varying proton (isotones) or neutron
(isotopes) numbers. Therefore, the ground state of an odd-A
nucleus may not be a good reference. Instead, one should
use a level dominated by an orbital, which does not mix with
other orbitals. A reasonable choice is a level dominated by the
highest-$2 subshell of the intruder shell.

Figure 1 shows schematically how this works for A ~ 110
isotones where the intruder is the A1/, neutron shell and the
reference is a 11/27 level dominated by the v11/27[505]
orbital. Other prominent levels in these isotones are due to
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FIG. 1. Schematic explanation of regular energy systematics ob-
served in the A &~ 110 mass region. See the text for further comments.

subshells of the vg7,, shell (in the simplified picture of
Fig. 1(a) we show the splitting between Nilsson orbitals due
to the spin-orbit interaction only, neglecting mixing of vg7,,
subshells with other positive-parity orbitals). In the A =~ 110
isotones, the deformation  grows with the increasing neutron
number and the splitting between Nilsson orbitals grows
accordingly. At N =59 where the Fermi level approaches
the 3/2% orbital the difference between s.p. energies (Esp.)
of the 3/2% and 11/2~ orbitals [marked by an arrow in
Fig. 1(a)] is smaller than at N = 61 where the odd neutron
already occupies the 3/27" orbital. At N = 63, the odd neutron
occupies the 5/2% orbital and the 3/27, populated by a couple
of paired neutrons, is “buried” in the core. Exciting the 3/27"
(hole) level at N = 63 costs more energy. Consequently, the
excitation energy of the 3/2% level will increase, and the
distance between 3/2% and 11/2~ levels will decrease. This
is depicted in Fig. 1(b) by the 3/2" “parabola.”” At higher neu-
tron numbers, the same scenario applies to the 5/2% and 5/2~
levels, illustrated by corresponding parabolas in Fig. 1(b).

Experimental systematics drawn in Fig. 2 for several Mo,
Ru, and Pd isotopes from the A =~ 110 region, indeed, re-
veal such parabolic trends for both, positive- [Fig. 2(a)] and
negative-parity [Fig. 2(b)] levels. To the right-hand side of
Figs. 2(a) and 2(b), we have redrawn these parabolas, starting
at the common origin. All have remarkably similar shapes and
a “half-width” of about two particles, which corresponds to
filling a single Nilsson orbital.

Extrapolating the parabola for the 1/2% levels to N = 67
as shown in Fig. 2(a), suggest that the 1/2% level in '“Mog;
may occur a few dozens of keV below the 5/2% level [“1/2F
expected,” open dashed circle in Fig. 2(a)] rather then 70 keV
above the 5/27" level as suggested by Kameda et al. [7].

Similarly, the parabola corresponding to the 5/27[532]
orbital, when extrapolated to N = 65 as shown in Fig. 2(b),
suggests that, in 107Mogs, this 5 /2~ excitation (open, dashed
circle) may occur a few dozens of keV below the 7/27 level.
Such a possibility was suggested by calculations of '’Mo in
Ref. [5].

It is interesting to note that excited levels calculated for
odd-A nuclei of this region display similar parabolic trends.
Figure 3 shows excitations in Zr and Mo isotones calculated
within the Hartree-Fock-Bogoliubov plus the equal-filling-
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FIG. 2. Experimental excitation energies of low-spin levels of
(a) positive and (b) negative parities, in odd-A Zr, Mo, Ru, and Pd
isotopes. The data are taken from Refs. [1,4,5,7-9,11,12]. Lines are
drawn to guide the eye. See the text for further explanations.

approximation method [13]. The results reported in Figs. 4
and 5 of Ref. [13] are redrawn in Fig. 3 to show excitations
relative to the calculated 11/27 level. This theoretical system-
atics will be commented on further in Sec. I'V.

III. MEASUREMENTS AND RESULTS

New experimental information on '’Mo and Mo ob-
tained in this paper results from the analysis of y radiation
following spontaneous fission of 2**Cm and 2°>Cf, measured
using the Eurogam2 [14] and Gammasphere [15] arrays,
respectively. The experiments and data-analysis techniques
were described in previous papers (see, e.g., Refs. [16,17]).
Compared to the Eurogam2 measurement of *Cm used in
the previous analysis of 197Mo [4] and '®Mo [18], the Gam-
masphere measurement provided about an order of magnitude
more triple-y events, allowing the observation of weaker
effects in '"’Mo. Important for the present paper was that
the hardware time window of the Gammasphere measurement
was wider (900 ns) than that in the Eurogam2 measurement
(400 ns), allowing better discrimination against isomeric tran-
sitions. In the present paper, we still used the data from the
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FIG. 3. Calculated excitation energies of low-spin excitations in
odd-A, Zr, and Mo isotopes. The data are based on Ref. [13]. Lines
are drawn to guide the eye. See the text for further explanations.

2Cm fission measurement because this reaction populates
the Mo nucleus more than fission of >>Cf and provides
cleaner spectra. Compared to Ref. [4], in the present paper,
we sorted new specific three-dimensional (3D) histograms for
the 2*Cm fission data, allowing better timing analysis. We
also note that using two different fissioning systems provided
better discrimination against contaminating effects.

A. 5/2% isomeric state in "’ Mo

Figure 4(a) shows a low-energy fragment of a doubly
gated y-ray spectrum obtained from the 3D ggg histogram
where triple-y events were sorted within the full 900-ns time
window of the >>Cf measurement. The spectrum is gated on
the 348.3- and 110.4-keV lines of the negative-parity cascade
in '9Mo [4]. In the spectrum, one sees a strong 123.5-keV
line, corresponding to the next transition in this cascade and
a weak line at 65.4 keV. An analogous spectrum displayed
in Fig. 4(b), which is gated on the 152.3- and 306.4-keV
transitions of another cascade in '“’Mo [4], shows again the
two lines at 123.5 and 65.4 keV. Thus, the present work
confirms the placement of the 65.4-keV transition in cascade
with the 152.3- and 348.3-keV transitions, which is located
below them and depopulates the 5/2% level.

8000 - (a) histogram ggg E |
L gate 348.3—110.4—keV 8 |4 A
2 L > = |V
= 2 2
3 4000 - + & .
@) L 3 = .
I S R Lk LW
0 100 200
12000 L (b) histogram ggg % i
gate 152.3-306.4—keV s|T
2 3 18
= i n > 1
= )
56000 = | I
0 100 200
120+  (c)histogram ppd, gate 348.3—110.4—keV -
>
[ ‘%) -
w80+ = .
q o
= L il
o
ST |
oMt Pty
0 100 200
200 (d) histogram ppd, gate 152.3—306.4—keV |
%
) [ fr 7
E g
S 100} |
Q
0 100 200

Channel Number

FIG. 4. Doubly gated y-ray spectra for '’ Mo obtained in this
paper from 2°2Cf fission data. See the text for further comments.

As suggested in Ref. [1], the 65.4-keV, ground-state tran-
sition may be the same as the 65.4-keV isomeric transition
reported in Ref. [5]. Consequently, the 420-ns half-life should
be assigned to the 5/2% level. Because of experimental limi-
tations, the isomeric nature of the 5/2% level was not verified
in Ref. [1] but can be confirmed in the present paper. The
isomeric character of the 65.4-keV transition depopulating
the 5/27 level in "’ Mo is highlighted in Figs. 4(c) and 4(d),
which show doubly gated y spectra obtained from the 3D ppd
histogram. This histogram was sorted with specific timing
conditions where energy signals on both p (“prompt”) axes
were collected within a narrow time window extending from
—22 to 22 ns and energy signals on the d (“delayed”) axis
were collected within a delayed time window extending from
400 to 800 ns relative to “time zero” defined by the master
trigger signal of Gammasphere. The delay of the delayed
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FIG. 5. Time-delayed spectrum, doubly gated on the 348.3- and
65.4-keV lines in the >>Cf fission data. The dashed (red) line
represents the exponential fit to the data.

window was sufficient to avoid the so-called time jitter caused
by worse timing response of Ge detectors at low-y energies.
The two spectra shown in Figs. 4(c) and 4(d) were doubly
gated on prompt-y lines and are displayed along the delayed
axis.

The half-life of the 65.4-keV level was obtained in this
paper from the time-delayed spectrum, shown in Fig. 5. The
spectrum is doubly gated on the prompt 348.3-keV and the-
delayed 65.4-keV y lines and shows the difference between
time signals corresponding to the two y lines. The obtained
half-life, corresponding to the slope marked by the (red),
dashed line in Fig. 5 is 0.60(15) us, in accord with the half-
life reported in Ref. [5].

Using y intensities of the 65.4- and 348.3-keV transi-
tions, seen in the y-ray spectrum doubly gated on the 110.4-
and 123.5-keV transitions, we estimated the total conversion
coefficient of the 65.4-keV transition to be 6.0(1.5), which
agrees with the theoretical total conversion coefficients of 5.6
calculated for an E?2 transition of this energy [19].

B. 5/2- state in 'Y"Mo

Figure 6 shows two spectra which illustrate the presence
of a new, 5/2 level in '”Mo. The spectra were obtained
from the ggg histogram of triple-y coincidences, sorted within
the full 400-ns time window of the >**Cm measurement. In
Fig. 6(a), we show a y-ray spectrum doubly gated on the
known 123.5-keV line of '"’Mo [4] and the 299.4-keV line,
depopulating the 364.7-keV level proposed in '“’Mo [1] with
a tentative (5/2,7/2) spin assignment. The spectrum shows,
among others, a y line at 159.6 keV. We propose that this
line corresponds to a new transition in '"’Mo, which links
the 524.1- and 364.7-keV levels. Further gating confirms this
link as well as the 147.0-keV decay of the 364.7-keV level,
reported in Ref. [1].

The presence of the 110.4-keV line in Fig. 6(a) indicates
that there is also a new 49.0-keV link between the 413.7-
and the 364.7-keV levels. The 49.0-keV line is barely seen
in Fig. 6(a) because of its low-y intensity. However, the
spectrum displayed in Fig. 6(b) with gates set at 49 and 299
keV shows clearly the 110.4-, 123.5-, and 233.8-keV lines,
confirming the 49.0-299.4-keV cascade in '”Mo. Considering
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FIG. 6. Doubly gated y-ray spectra obtained in this paper from
the ggg histogram sorted out of triple-y coincidences following
28Cm fission. The spectra show the known Ref. [4] and the new
49.0- and 65.4-keV lines of '’Mo. y lines are labeled with their
energies in keV. See the text for more comments.

the observed decay branchings, shown in Table I, and the
known spins in '”Mo, we propose spin-parity 5/2~ for the
364.7-keV level.

C. 1/2% ground state in '’ Mo

Figure 7 shows a y-ray spectrum doubly gated on the
111.0- and 222.2-keV, known lines of '’Mo [18] in the ppd
histogram sorted out of triple-y events from 2*Cm fission
using the (0-30)-ns prompt p and (200-400)-ns delayed d-
time windows. The spectrum clearly shows that the 69.8-keV
transition is in one cascade with the gating transitions. We
propose that this is the same transition as the 70-keV isomeric

TABLE 1. Relative y intensities, I, for new levels and transitions
in 197Mo as observed in this paper.

Level (keV) E, (keV) I, (rel.)
364.7 147.0 10(5)
299.4 100(6)
413.7 49.0 4(2)
196.1 5(2)
348.3 100(5)
524.1 110.4 80(4)
159.6 14(2)
306.4 100(4)
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FIG. 7. Doubly gated y-ray spectrum for '%’Mo, obtained in this
paper from the ggg histogram sorted out of triple-y coincidences
following >**Cm fission. See the text for more comments.

transition reported in Ref. [7] because Fig. 7 suggests that
the 69.8-keV transition depopulates an isomer. This could
not be determined with certainty in the present paper due to
the insufficient timescale of the 2**Cm fission measurement
(possible contamination by the jitter effect), whereas in our
232Cf fission data, the '%Mo nucleus is not populated strongly
enough to allow the observation of the 69.8-keV line.

The coincidence relation of the 69.8-keV transition with
the 111.0-222.2-keV cascade indicates that this transition de-
populates the 5/27 level, considered, so far, to be the ground
state of '"’Mo [18] and populates a new ground state. To
the new ground state, we tentatively assign spin-parity 1/2%,
considering the isomeric character of the 69.8-keV transition
consistent with the £2 multipolarity.

D. Low-energy excitation schemes of '’ Mo and "Moo

Figure 8 shows partial level schemes of (a) '°’Mo and (b)
109Mo with the new 1/2% ground states and other new levels
and transitions. Table I shows y branching for the new levels
and levels with new decays in "’ Mo as observed in this paper.
Other intensities can be found in Refs. [4,18].

In %Mo, we have included a fragment of the known band
comprising the 66.0-, 99.4-, and 165.4-keV transitions [4],
which now forms the ground-state band [1] as well as the
543.8-keV level reported with a tentative (7/27) spin parity
[1]. In this paper, we have searched unsuccessfully for a
cascade on top of the 543.8-keV level. Therefore, considering
the argument of the yrast population in fission process [20],
one would rather propose lower spin for this level as suggested
in Fig. 8.

In Ref. [21], a y-vibrational band was proposed in '*’Mo
on top of the 7/27[523] neutron configuration. Considering
the new 5/2~ level at 364.7 keV in '’Mo proposed in this
paper, the negative-parity band in '’ Mo may be based on
the 5/27[532] neutron configuration, and one may expect a y
vibration coupled to this level. This would produce an in-band
9/2~ level below the 11/27 level at 949.8 keV, reported in
Ref. [21]. In this paper, we do observe the band based on
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FIG. 8. Low-energy parts of excitation schemes of *’Mo and
19\o. The data are taken from this paper and Refs. [1,4,5,7,18].

the 949.8-keV level [21] but could not find any in-band 9/2~
level, below the 949.8-keV level. A possible reason may be
the unfavored nature of the 5/27 level in the negative-parity
band.

In Mo, one may expect a band on top of the new 1/2F
ground state, analogous to the 1/2% ground-state band in
7Mo. In the present paper, we could not find any candidate
for such a ground-state band in Mo, probably because
of too low statistics of our data. Identification of such a
band is of prime importance for verifying whether the 1/2%
ground states in '’Mo and Mo correspond to the same
Nilsson configuration. A dedicated S-decay experiment may
help here.

IV. DISCUSSION

A. Interpretation of excitations in Mo isotopes

The new excitation schemes of '’Mo and Mo allow
better energy systematics to be built and used for predict-
ing properties of more neutron-rich isotopes. Furthermore,
comparing such broad experimental systematics to the calcu-
lated systematics imposes stronger constraints on theoretical
models than the comparisons for individual nuclei. New level
schemes of 191%Mo offer also better understanding of the
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FIG. 9. Excitation energies of selected low-spin excitations in
odd-Mo isotopes for positive (red) and negative (green) states. The
data are taken from this paper and Refs. [1,4,5,7-9,11,12]. Lines are
drawn to guide the eye. See the text for further explanations.

structure of their A = 107 and A = 109 isobars, connected by
B~ decays.

Figure 9 shows the experimental systematics of low-energy
excitations, drawn relative to the 11/27 level for odd-A
neutron-rich molybdenum isotopes. There are three charac-
teristic regions in this systematics. In isotopes up to '*'Mospo,
one observes spherical s.p. excitations corresponding to the
51,2 and ds > neutron shells, which approach quickly the 41>
shell when the neutron number grows. Analogous systematics
of calculated excitation energies [13], drawn in Fig. 10 relative
to the 11/27 excitations, also shows such a rapid increase.

From ''Mo up extends the region of prolate-deformed
nuclei with characteristic parabolas corresponding to the
population of subsequent Nilsson orbitals. It starts with the
3/2*[411] orbital in '°'Mo and '°*Mo, through the 5/2~[532]
orbital in '®Mo to the 5/2*[413] orbital in ' '®Mo. We
note that the 5/2%[413] configuration, identified in '"’Mo in
Ref. [4] fits well the experimental systematics and is also re-
ported in 197Mo in the calculations of Refs. [5,13]. Therefore,
the 5/2%[402] configuration mentioned in 107Mo by Ref. [22]
is probably a misprint. The three Nilsson orbitals seen in
Fig. 9 are also seen in Fig. 10, although at higher energies
relative to the 11/27 level. This gives hints towards possible
improvements of the calculations reported in Ref. [13].

The parabolic trend shown by the new 1/2* levels in '’Mo
and '"’Mo, which follow the 5/2%[413] orbital, suggest that
these 1/2% levels may correspond to the 1/2%[411] Nilsson
orbital located just above the 5/2%[413] orbital on the prolate
side (see, e.g., Fig. 9 in Ref. [23]). As seen in Fig. 10, the
calculations of Ref. [13] favor the 1/2%[420] oblate Nilsson
orbital for the configuration of the ground state in '°’Mo (the
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FIG. 10. Calculated levels in Mo isotopes. The data are based on
Ref. [13]. Lines are drawn to guide the eye. See the text for further
explanations.

1/2%[420] oblate orbital is also calculated as the ground state
in '%Mo). Therefore, it is important to verify the nature of
ground states in '"’Mo and '®Mo nuclei.

The similar nature of the new1/2* ground states in '’Mo
and Mo is supported by similar populations of excited
levels in '’ Tc and '"Tc, observed in B~ decays of the two
Mo isotopes, respectively, as seen in Table II and Fig. 7 of
Ref. [24]. In Ref. [24], this was attributed to the same 5/2%
configuration of both ground states in '”Mo and '®Mo. The
present paper indicates that this may be due to the same
1/2% configuration of the two Mo isotopes. Interestingly,
spin-parity 1/2% of the ground states in '’Mo and Mo
allows to improve the spin-parity assignments to levels in
107T¢ and ' Tc for which various hypotheses were considered
in Ref. [24].

The “mechanism” of Fig. 1 works in the region marked
deformed in Fig. 9 where one observes prolate-deformed
configurations displaying parabolic dependence in function
of N. Above N = 69, this may look different because one
expects, here, the dominance of oblate Nilsson configurations.
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The calculations of Ref. [13] shown in Fig. 10 predict the
transition to this third region (oblate deformation) already at
N = 63 (the 1/27[420] oblate orbital) whereas the experiment
(Fig. 9) suggests such a transition above N = 67. An analo-
gous transition to oblate deformation was recently observed
experimentally in Pd isotopes above N = 67 (see Fig. 6 in
Ref. [9]).

The extrapolation of the parabolic trend for the 1/2%[411]
and 7/2%[523] prolate configurations to N = 69 in Fig. 9
suggests that at N = 69 the 7/27[523] level may be located
below the 1/21[411] level in the prolate potential. However,
the ground state of ''"Mo may be formed by an oblate
configuration, located below the prolate 7/27[523] level as
shown in Fig. 9 by the thick, (blue) dashed line. The inspection
of the Nilsson diagram for neutrons in this mass region [23]
shows the presence of the 1/2%[420] and 3/2%[422] oblate
configurations at N = 69. It is of high interest to search for
such excitations in '“’Mo and Mo in order to see their
evolution with the neutron number, which may tell what is the
ground state of !''Mo. As mentioned above, the 543.8-keV
level in '’ Mo [marked by the (blue) dashed circle in Fig. 9]
may have spin 3/27". If the prediction sketched in Fig. 9 is
confirmed, ''"Mo may have two B-decaying isomers. Such a
possibility was also proposed in our previous work [25] where
we observed excited levels in ' Tc with spins ranging from
1/2 to 11/2, populated in the 8~ decay of '''Mo.

B. y deformation in Mo isotopes

The value of y deformation in odd-A, neutron-rich Mo
isotopes should be verified considering the new 1/2% spin-
parity assignments to ground states in '"’Mo and '"Mo. In
Ref. [5], a value of y = 16.5° for the triaxial deformation in
197Mo was deduced by comparing quasiparticle rotor model
calculations to the available experimental data. The y values
for '%Mo and '®Mo shown in Table V of Ref. [5] indicate
an increase with the neutron number. Considering the y value
of 17° obtained in Ref. [5] for Mo one would expect the
y deformation in '°’Mo to be larger than 16.5°. This is also
suggested by y values reported in the neighboring nuclei as
listed in Table II. The general trend seen in Table II is the
increase in the y value with the increasing proton and neutron
numbers. One also notes that, on average, the y value at
N = 65 is higher than 16.5°.

Figure 11 shows the energies of excited levels in ' Mo and
197Mo calculated in Ref. [5] for various y deformations (open
symbols). The 5/2 excitation energy decreases relative to
the 5/2{ energy in 105Mo with the increasing y deformation.
When a linear extrapolation is applied, the reproduction of
the experimental 5/2 level (filled circle) suggests y ~ 25°.
A similar decrease in energy is seen for the 1/2% level in
105Mo. Again, linear extrapolation to the experimental energy
suggests y A 25°. Similar trends applied to levels in '’Mo
reproduce the energy of the new 1/2% ground state at y >
25° in this nucleus (the calculated point, shown by the open
square, is drawn at y ~ 16.5° and the experimental point,
shown by filled square, is drawn at y ~ 25°).

The calculations of Ref. [5] performed at y = 16.5° sug-
gest the presence of a 3/2* band at low energy in '“’Mo,

TABLE II. Values of triaxial-deformation y reported in the liter-
ature for neutron-rich Nb, Mo, and Tc isotopes.

Nucleus y deformation Reference
105Nb 12.3° [26]
%Mo 19.6° [5]
105Mo 17° [5]
106Mo 18.6° [5]
7Mo 16.5° [5]
17Mo 18° [21]
1%8Mo 23.4° [5]
105T¢ 19° [27]
1067¢ —21° [28]
107 19° [27]
107 19° [24]
07T 22.5° [29]
1077 22.5°,25° [30]
1097¢ 18°,23° [29]
109¢ 20° [24]
1097¢ 22.5° [31]
1097¢ —30° [32]
e 25° [25]

analogous to the 3/2% band observed in 105Mo, which fits well
the systematics of Fig. 9. However, the 3/2% band in '"’Mo,
reported in Ref. [4] to which the calculations of Ref. [5]
were adjusted, has now been placed in the 1/2% ground-state
band. This agrees with the new energy systematics of Fig. 9,
which does not predict any 3 /27 prolate band at low excitation
energy neither in '’Mo nor in '“Mo. This is consistent with

400
PR B 12 a
> .
m(3/2
= 200 527 (3/27)
Q) - Oy,
3 .
2 L + oo o
%5 0 512, % .
84 2
| * + .- N
320 \
= O,
% —200r- A(Mo) cal. exp '
m L 105 O ® )
107 O [ |
—400— \ \ \ \

|
-0.1 00 0.1 02 03
Deformation parameter, vy .

FIG. 11. The evolution of the calculated (open symbols) s.p.
energies [5] in function of the y deformation in Mo isotopes,
drawn relative to the 5/2] level. Filled symbols show positions of
experimental levels, relative to the experimental 5/ 21+ level [1,5].
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the larger y deformation in the two nuclei. One sees in Fig. 11
that the 3/2" energy is growing with the increasing y in
105Mo. With the same trend in '’Mo a y value larger than
16.5° is needed to reproduce the 3/2% level in this nucleus,
tentatively proposed at 543.8 keV.

The clear presence of triaxial deformation in odd-A,
neutron-rich Mo isotopes suggests possible improvements
of the theoretical systematics [13], redrawn in this paper
in Figs. 3 and 10. The main deficiency of the calculations,
mentioned by the authors [13], is the preservation of axial
symmetry. This may explain why the calculated systematics
in Fig. 3 is close to the experimental systematics for the odd-A
Zr isotopes shown in Fig. 2 but differs from the experimental
systematics for the odd-A Mo isotopes. In the Mo isotopes,
there is clear triaxial deformation whereas, in the Zr isotopes,
this effect only starts to emerge [33]. As suggested by Fig. 11,
the inclusion of triaxiality in Mo isotopes may lower the
energy of the 5/2~ orbital improving its too high excitation
energy. At the same time, the higher population of this orbital
may delay the population of the oblate configurations, which
appears at too low a neutron number as seen in Fig. 11.

V. SUMMARY

Following the observation of the new, 1/2" ground state
in the 'Mo nucleus [1], we searched for an analogous
effect in '“Mo, hinted by the recent studies [1,5,7]. Regular
energy systematics developed and used in this paper provided

accurate predictions for the low-energy excitations in '°’Mo
and '“Mo, suggesting the new 1/2% ground state in '“Mo
and a new 5/2~ level in '®’ Mo. We used triple-y coincidences
from spontaneous fission of >*3Cm and >>>Cf, measured using
Eurogam?2 and Gammasphere arrays of anti-Compton spec-
trometers, respectively, to search for these levels. In this paper,
we confirm the new 1/2% ground state of '"’Mo, proposed
recently [1], and establish the isomeric character of the 5/2%
first excited state in '’Mo. The new 5/2~ head is found
for the negative-parity band in '“’Mo. The new 1/2* ground
state is established in 1Mo, and the isomeric character of
the 5/2; level in 'Mo is proposed. Low-energy excitations
in Mo isotopes are interpreted and compared to calculations
reported in the literature. The comparison of calculated and
experimental excitation energies in chains of Mo and Tc iso-
topes suggests that the y deformation of '®’Mo is higher than
reported before. The present results suggest a shape transition
from prolate to oblate deformation at N > 67, confirming our
early suggestion for such an effect [34].
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